Ecological network analysis was applied in the Seine estuary ecosystem, northern France, integrating ecological data from the years 1996 to 2002. The Ecopath with Ecosim (EwE) approach was used to model the trophic flows in 6 spatial compartments leading to 6 distinct EwE models: the navigation channel and the two channel flanks in the estuary proper, and 3 marine habitats in the eastern Seine Bay. Each model included 12 consumer groups, 2 primary producers, and one detritus group. Ecological network analysis was performed, including a set of indices, keystoneness, and trophic spectrum analysis to describe the contribution of the 6 habitats to the Seine estuary ecosystem functioning. Results showed that the two habitats with a functioning most related to a stressed state were the northern and central navigation channels, where building works and constant maritime traffic are considered major anthropogenic stressors. The strong top-down control highlighted in the other 4 habitats was not present in the central channel, showing instead (i) a change in keystone roles in the ecosystem towards sediment-based, lower trophic levels, and (ii) a higher system omnivory. The southern channel evidenced the highest system activity (total system throughput), the higher trophic specialisation (low system omnivory), and the lowest indication of stress (low cycling and relative redundancy). Marine habitats showed higher fish biomass proportions and higher transfer efficiencies per trophic levels than the estuarine habitats, with a transition area between the two that presented intermediate ecosystem structure. The modelling of separate habitats permitted disclosing each one's response to the different pressures, based on their a priori knowledge. Network indices, although nonmonotonously, responded to these differences and seem a promising operational tool to define the ecological status of transitional water ecosystems.
INTRODUCTION

48
Estuaries are at the interface of marine and freshwater ecosystems, and are usually characterised 
104
Moreover, the use and applicability of ENA to discern natural from anthropogenic stress, and thus 105 their capability of circumventing the estuarine-quality paradox, although promising, has not been 106 unequivocally demonstrated yet (Niquil et al., 2012) .
107
In this work, we first describe the set up and balancing of 6 food-web models for different 
MATERIALS AND METHODS
118
Study area
119
The Seine estuary and the adjacent western part of the Seine Bay were split into 6 spatial 120 compartments, which were modelled separately (Figure 1 
145
Each group is parameterised with, at least, its biomass (B, gC m -2 ), its production rate over biomass 
172
We also summarised the quality of source data for biomasses, P/B, Q/B, and diet compositions 173 into the Pedigree routine, which calculates a value between 0 and 1 related to the overall quality of 174 the data (with 0 indicating that data is of low quality, and 1 indicating that data is highly precise and 175 fully rooted in local studies).
176
All models had to be manually and slightly modified in their input data to equalize the mass system, we added a novel decomposition spectrum using a TL-keystoneness diagram, based on the 211 same rationale as the biomass trophic spectrum for its interpretation.
213
RESULTS
214
Quality of data and parameterisation
215
The calculated Pedigree index for all models was 0.635, at the highest range of values reported 216 in literature (Morissette, 2007) . This was mostly due to the biomass data sources, which were 217 obtained from local, highly replicated, and detailed samplings, and diet compositions of fish and 218 macrobenthic groups that came primarily from stomach content studies in the English Channel
219
(Supplementary Material Table 1 ).
220
In the majority of cases, biomasses were integrated and did not need to be estimated by the 221 model to the exception of habitats where microphytobenthos was supposed to be present only in a 222 reduced area and for which no stock data was available. As such, the biomass of microphytobenthos Table 3 ).
241
Meiofauna also showed low omnivory, due to them feeding mainly on detrital sources.
242
In terms of ENA overall indices, the total ecosystem activity (measured with the sum of all 243 flows, T..) was the highest in the Southern Channel, mainly due to high values of export and flows 244 to detritus (Table 3 ). The rest of the habitats had comparable activity levels, ranging from 1161 to 245 1826 gC m -2 y -1 . The net system production and the ratio of primary production over total biomass 246 were however the lowest in the Southern Channel, suggesting a less efficient utilisation of the 247 inputted production, compared to the other modelled areas. The highest production over total 248 biomass ratio was found in the central Navigation Channel, where the total biomass was the lowest.
249
The ratio of fish biomass over invertebrate biomass was reduced in the estuarine zones compared 250 to the marine zones, with values ranging 1.14-1.48 in the former while ranging 2.27-4.56 in the 251 Seine Bay. The total transfer efficiency (TE) between discrete trophic levels behaved similarly, with the estuarine zones (CH, FN, and FS) having overall lower efficiencies than the 3 marine habitats.
253
The mean TE for the estuarine habitats was 5.50±1.17 %, while in the marine habitats it was 254 8.80±1.27 %. Zooming on the Southern Channel, its TE was 6.8 %, the highest of the 3 estuarine 255 habitats.
256
The from which future studies of inter-habitat connectivity through flows of energy will be possible.
307
The sampling programs used as biomass source data focused particularly on benthic megafauna 308 and fishes. Small-sized trophic groups, such as bacteria, microphytobenthos, and meiofauna, were 309 mainly parameterised using data from other models of the same area or of similar regions (see might be better suited to solve this critical issue in terms of system productivity.
335
In the keystoneness analysis, two habitats -FN and E4 -behaved differently from the rest. The 336 highest levels of impact were registered in the FN according to ENA, which is in reality a 337 combination of both anthropogenic and environmental stress ( Table 4 ). The highest levels of system 338 omnivory (SOI) and high carbon recycling (FCI) compared to the other estuarine habitats logically 339 revealed that FN is therefore a highly impacted area, where benthic invertebrate predators dominate 340 the community, and where the food web is associated with a more web-like structure.
341
In E4, top-down control was reduced by the low keystoneness of seabirds and by the increased 
Fitting stress to ENA
373
The ENA indices usually respond to stress, defined as a negative response from disturbance 374 produced by an external pressure (Odum, 1985) . When an ecosystem is influenced by an external collected qualitative data on current knowledge of the levels of stress in the 6 studied habitats 382 (Table 4) , to perform a first, although still coarse, analysis of the fitting of ENA to anthropogenic 383 and natural impact levels.
384
As previously described, the Seine estuary is one of the most man modified and contaminated Table 2 . Common diet matrix used as input for the 6 modelled habitats. Diets, which are presented by predator (columns) and sum to 1, were slightly modified to balance the equations in each model. 
